A hybrid truss bridge (HTB) is a bridge constructed by replacing the concrete webs of a pre-stressed box girder bridge with steel truss webs. With its open web section, HTB offers advantages of high structural efficiency and excellent aesthetic appearance. The core technology of HTB is the connection system between the steel trusses and the concrete deck. Since the open web section of a HTB decreases the torsional capacity, precise analysis of the torsional behavior of the open web section with respect to the connection joint type is needed to ensure the safety of HTBs. In this study, the torsional capacity of HTB was calculated using the torsion formula derived based on the steel plate thickness conversion equation for corrugated steel web plates and the space truss theory. The torsion formula was verified by performing a parametric study using a commercial finite element program. Next, the torsion analysis results of the HTB girder were compared to experimental results to evaluate their accuracy. Finally, the simulation, experimental, and torsion formula results were compared to evaluate the feasibility of using the formula in design.
Introduction
Hybrid truss bridge (HTB) refers to a bridge constructed by replacing the solid concrete web sections of a prestressed box girder bridge with open steel truss web sections. As shown in Fig. 1 , replacement of concrete webs with relatively light steel truss members would reduce the self-weight of the super-structure by approximately 20% to increase the span length and decrease the required sub-structure member size. Furthermore, since the open web section has an excellent aesthetic appearance that can harmonizes the bridge with the surrounding environment, HTBs are becoming popular for medium-span bridges (e.g., span length of 40-60m) constructed in urban settings. (Minami et al. 2002; Aoki et al. 2005; Fujiwara et al. 2005) The core technology of HTB is the connection system between the steel truss member and the concrete deck. In HTB, the joint types embedded in the top and bottom concrete decks can either be the same or different, depending on design requirements. An appropriate joint type is selected based on the code requirements and the construction cost. As a result of the configuration of web trusses, stresses are concentrated at the joint with a complex stress distribution profile. Therefore, the joint performance must be fully guaranteed to ensure the safety of the HTB. The joint dictates not only the local behavior but also the global behavior of the girder (e.g., overall deflection and torsional rotation). Various researchers and engineers have studied, developed, and verified many different types of joint for HTB. (Miwa et al. 1998; Tsujimura et al. 2002; Shim et al. 2007a, b) However, because of the open web section, the torsional performance of a HTB is weaker than that of a prestressed concrete (PSC) box girder bridge with solid web sections. Because of uncertainty of the torsional capacity, the open web section has rarely been used in eccentrically loaded or curved PSC box girder bridges. (Jung et al. 2007a (Jung et al. , b, 2010a (Jung et al. , b, 2011a (Jung et al. , b, 2013a Choi et al. 2011) In this study, space truss theory was used to derive and analyze a torsional moment formula for a HTB girder. The commercial finite element (FE) program MIDAS FEA was then used to simulate a torsion test of HTB. Finally, the formula, simulation and experimental results of HTB girder under torsional loading were compared to evaluate the accuracy of the formula.
Load transfer mechanisms at the connection joint
For this study, three different types of connection system, an embedded hinge type (EHT), continuous studflange plate type (FHT), and discontinuous stud-gusset plate type (GHT) were used in HTB girder specimens. The load transfer mechanism of the three joint types is shown in Fig. 2 . (Jung et al. 2013b) In EHT, the center of the concrete deck is in alignment with the centerline of the steel truss member such that the eccentric moment would be minimized as shown in Fig. 2(a) . In FHT and GHT, shown in Fig. 2 (b) and 2(c), respectively, the top or bottom truss ends are connected to a single continuous plate for all joints or a discontinuous gusset plate for each joint, respectively. For both FHT and GHT, shear studs are welded on the surface in contact with concrete for shear connection and the center of the concrete deck does not coincide with the centerline of the truss members. Therefore, the eccentricity between the two centerlines causes eccentric moment at the joint. HTB girder specimens 4 m in length were constructed with the three joint types and tested in torsion to evaluate and compare their torsional and load carrying capacities.
Derivation of analytical torsion formula of HTB

Space truss theory
At the present time there are no specific analytical formulas for calculation of torsional capacity of HTB. Therefore, we formulated an analytical formula for torsion by applying previous study results of a corrugated steel plate web girder to the HTB girder. For torsional behavior of the reinforced concrete (RC) girder, the space truss theory is most commonly used by bridge engineers. The space truss theory was first introduced by Rausch and further developed by Lampert. (Rausch 1929; Lampert 1968) The design concepts of the space truss theory are based on the assumption that steel rebars are embedded in the concrete. The girder crosssection resists the torsion, because space truss members run in the direction of crack development such that torsion-resistant capacity is obtained from the concrete surrounding the rebars. However, in the design of the space truss theory, the torsional strength is usually overestimated compared to the actual torsional strength. Therefore, Collins modified the conventional space truss theory by making an assumption that the centerline of the shear flow coincided with the centerline of the concrete section, and expressed the nominal torsion strength as a function of the area enclosed by the centerline of the shear flow and the cross-sectional area of the structure as shown in Equation 1: (Collins et al. 1980) 
where n T is the nominal torsion; 0 A is the area enclosed by the centerline of the shear flow; t A is the cross section of the lateral steel rebar; y f is the yield strength of lateral steel rebar; s is the stirrup spacing; and α is the inclination angle. Mo et al. (2000) assumed that when torsion is applied to a corrugated steel plate web girder bridge with top and the bottom PSC decks, the area enclosing the shear flow traveling through the centerline in the concrete deck 0 A is determined by only using the concrete decks as shown in Fig. 3 . They proposed that the area of the flange should be half of the entire area. (Mo et al. 2000 (Mo et al. , 2006 Based on this proposal, the torsion acting on the top and bottom concrete decks is calculated using Equation 2:
Analytical torsion model of HTB girder
where b t is the thickness of the corrugated web steel plate and d t is the effective thickness of the concrete deck. It is assumed that the cross-section of the box girder under torsion is a rigid body rotating along the longitudinal axis of the girder and that the torsional angle of the cross-section of the box girder under torsion is uniformly distributed on the cross-section. The torsion resisted by the web can be calculated as a function of the shear force acting on the web and the distance to the corrugated steel plate web as shown in Equation 3:
where w T is the torsion acting on the web steel plate; w τ is the shear stress; w A is the web cross-sectional area. The total torsion acting on the corrugated steel plate web bridge is calculated as the sum of the torsion acting on the top and bottom concrete decks n T and the torsion acting on the corrugated steel plate web w T as shown in Equation 4:
Web plate thickness conversion
The cross-section in a HTB girder is not constant, similar to that in a corrugated steel plate web girder. Therefore, the formula for the torsional capacity of corrugated steel plate web girder can be applied to the HTB girder with minor modifications. In this study, the web truss members are assumed to be arranged in series with constant spacing and attached to the top and bottom concrete decks as shown in Fig. 4 . If the cross-sectional area for the torsion is calculated based on the assumed configuration, the converted plate thickness of the web truss member assumed as a concrete web can be calculated using 
Torsion formula evaluations
To verify the effect of the three connection joints (EHT, FHT, and GHT) on the torsional capacity of HTB girder, the analytical formula was evaluated for the three different joints. The converted plate thicknesses of EHT, FHT, and GHT calculated by the plate thickness conversion formula of Equation 5 are shown in Table 1 . The calculation was performed using MathCAD Version 14.0. As stated before, the centerline of the concrete deck coincides with the centerline of the steel truss in EHT, whereas they do not coincide in FHT and GHT. Therefore, when 1/2 of the horizontal distance from the concrete deck to the steel truss connection joint (e.g., " a " in Fig. 4(a) ) is taken as 450 mm, the truss angle becomes 62° in EHT and 64.2° in FHT and GHT. Hence, the distance of the steel truss (e.g., " d " in Fig. 4(a) ) becomes 962mm in EHT and 1,034mm in FHT and GHT. The effective thickness of the concrete deck d t is 150mm in both FHT and GHT, connection systems without a haunch. For EHT, a connection system with a haunch, the haunch area is divided by the member width to yield a value of 40 mm, which is then added to the deck thickness to obtain an effective thickness of 190 mm. On the other hand, the concrete areas of the top and bottom connection joints ( cu A and cl A , respectively), are 50,000 mm 2 in EHT and 45,000 mm 2 in FHT and GHT. As a result, the converted thickness b t of the steel truss calculated by Equation 5 is 13.0mm in EHT and 11.5mm in FHT and GHT, showing a difference of 1.5mm.
The torsion calculated from Equations 1 to 4 and the corresponding torsional loads are shown in Table 2 . The effective cross-sectional area 0 A corresponding to the area enclosed by the centerline of the shear flow is 339,000 mm 2 in EHT and 356,400 mm 2 in FHT and GHT; this difference is due to the difference in the effective thickness described above. Because of the differences in the truss angle, the length and converted thickness of the steel truss, and the existence of the haunch, the calculated torsion is 1,361 kN·m in EHT and 1,305 kN·m in FHT and GHT, showing a difference of approximately 4.3%. The calculated ultimate load considering the loading beam is 454 kN in EHT and 435 kN in FHT and GHT.
Torsion experiment of HTB girder
Details of torsion experiment
For this study, the torsion capacity of the HTB girders with the three connection joints was verified by a torsion experiment as shown in Fig. 2 and 5. Tables 3 and 4 show the specifications and the material properties, respectively, of the test specimens. The three test specimens were prepared to have a square cross-section with a height and width of 1,000 mm and a length of 4,300 mm. The top and bottom concrete deck thickness was 150 mm, but a 100-mm thick concrete haunch was installed in EHT to provide sufficient concrete to fully Table 2 Results of the torsion formula. embed the hinge joint. To fix the specimen to a strong floor and apply torsional load, both ends of the specimen were extended with 800-mm concrete sections to attach the necessary apparatus. Therefore, the total length of the specimen was 4,300 mm with the truss web included in a 2,700-mm region in the middle. In FHT and GHT, the steel truss joints were attached to a longitudinal flange plate and gusset plate, respectively, and were integrated with the top and bottom concrete decks using the shear studs. The diameter and thickness of the steel trusses were 114 mm and 6 mm, respectively, for all specimens. In addition, the yield strength of the EHT connection hinge plate, the FHT flange plate, and the FHT gusset plate was 240 MPa, equivalent to that of the steel truss. SS400 steel with allowable strength of 140 MPa and thickness of 6 mm was used for the truss members in all specimens. The studs used for FHT and GHT had the same specifications as those used for general hybrid bridges with a diameter of 19 mm and a height of 120 mm, and were arranged at an interval of 150 mm. All of the longitudinal steel reinforcing bars were SD400 high-strength steel with a diameter of 13 mm and yield strength of 400 MPa.
Torsion test setup
The manufacturing process of the test specimens is shown in Fig. 6 . The steel pipes and plates were assembled in the factory by fillet welding according to the design configurations. The studs were attached using a stud gun. After placing the assembled trusses in a steel mold at a predetermined position, the steel rebars attached to strain gauges were added before concrete casting. After concrete casting, the specimens were cured for 28 days to achieve a concrete compressive strength of 40 MPa. When the specimen was ready for testing, the right end of the specimen was tightly fixed onto the strong floor using four anchor bolts as shown in Fig. 7 . A steel pipe was attached to the left end in a longitudinal direction for use as a rotational axis. In addition, a 3-m loading beam attached to an actuator with 2,000 kN capacity was installed at the left end for torsion loading by applying a vertical load.
Data measurement positions and loading
The location of installed strain and displacement gauges are shown in Fig. 8 . A Rosette gauge was installed on the diagonal truss to measure the strains occurring on the diagonal truss. A concrete Rosette gauge was also installed on the top surface of the concrete deck to measure the crack strain and the principle strain direction on the concrete surface. In addition, six displacement gauges were installed at critical locations to accurately measure the displacement and torsional angle from torsional loading. A displacement controlled load was applied with a rate of 0.02 mm/sec. For initial setting of the specimen a load of ± 50 kN was first applied before adding incremental loading of 50 kN.
Analysis of torsion experiment results
Deflection and torsional rotation
The torsional moment-displacement curves drawn using the displacement measurements from LVDT 2 and LVDT 3, which were installed at the rotational end of the specimens, are shown in Fig. 9 . In all three specimens, symmetrical displacement profiles and ultimate failure due to a shear failure of the top deck were observed. The torsional rigidity did not change until the moment exceeded 900 kN • m; at this point the displacement of FHT and GHT significantly increased and the rigidity decreased, whereas those of EHT only slightly increased and decreased, respectively. The torsional moment-rotation curves drawn using the relative displacement of LVDT 2 and LVDT 3 are shown in Fig.  10 . In all three specimens, a linearly increasing curve was observed up to approximately 700 kN•m at which point the torsional rotation of FHT and GHT drastically increased, whereas that of EHT increased at a constant rate until decreasing at 900 kN•m. In Fig. 10 , ⓔ, ⓕ, and ⓖ curves are torsional rotation calculated by assuming the specimen to be an elastic body. ⓔ curve shows the rotation calculated in EHT, which behaves similarly to the rotation obtained from the test up to 900 kN•m. ⓕ and ⓖ curves are the rotations calculated in FHT and GHT, respectively, where a single curve represents both FHT and GHT since they both have same cross-section. The measured rotation was smaller than the calculated rotation up to approximately 700 kN • m. However, beyond this point the measured rotation increased drastically, exceeding the calculated rotation at a load of approximately 900 kN•m.
The calculated and measured torsional rotation of the specimens for moment steps of 300, 600, 900, 1,050, 1,200, and 1,350 kN•m are shown in Table 5 . The calculated rotation of EHT is smaller than that of FHT and GHT, because the torsional rigidity of EHT is greater than that of FHT and GHT. The measured rotations of the three specimens at 300 and 600kN•m were almost the same, but beyond 600 kN•m the measured rotation of FHT and GHT was greater than that of EHT. In summary, the elastic limit of EHT was approximately 600 kN• m and that of FHT and GHT was approximately 750 kN•m, indicating that the torsional rigidity of EHT was greater than that of FHT and GHT. As shown in Table 5 , the torsional rotations were not significantly different, but the torsional rigidities and failure behaviors were different depending on the connection system. FHT and GHT showed almost the same torsional behavior, indicating that continuity of the longitudinal flange plate did not have a great effect on the torsional behavior. 
Stress acting on steel truss web
Strains of the trusses located nearest to the rotational axis (L_T1 and L_T2) among the six pairs of trusses installed on both sides of the specimens are shown in Fig. 11 . As shown in the figure, strains in the diagonal trusses for FHT and GHT were almost the same, but the strain of the trusses of EHT was approximately onethird of that of FHT and GHT. We can postulate that the truss strain of EHT was small, because the torsional load was resisted mainly by the concrete decks in EHT, whereas in FHT and GHT the stress delivered to the concrete decks was directly transferred to the truss through the flange and gusset plates, respectively. The measured strains from the six pairs of trusses were converted to stresses and are shown in Table 6 to 8. The truss stress of EHT showed a maximum stress of 91.8 MPa from the maximum torsional moment of 1,398 kN•m as shown in Table 6 ; this is below the allowable stress limit of the SS400 steel of 140 MPa and within the linear elasticity range. On the other hand, the truss stresses of FHT and GHT showed that the torsional stresses exceeded the allowable stress limit of the SS400 steel of 140 MPa at loading of 900 kN•m as shown in Tables 7 and 8, respectively. In addition, when the maximum torsional moments of FHT and GHT were 1,074 kN•m and 1,092 kN•m, respectively, some of the web trusses yielded at torsional stresses of -270 MPa and -286 MPa, respectively, when the yield strength of the SS400 steel of 240 MPa was exceeded.
Crack patterns
The crack patterns of the top concrete deck from the torsional load are shown in Fig. 12 . Vertical and horizontal lines are drawn on the concrete surface at an interval of 100 mm as reference axes to clearly indicate Fig. 12 , the cracks propagated toward the top right corner at approximately 45° in all three specimens, representing a typical torsional shear failure mode and crack pattern. In FHT and GHT specimens, cracks were formed at approximately 60 kN and then rapidly propagated at a load of 250 kN. However, in EHT the cracks were formed at approximately 90 kN and then propagated in a stable manner until the maximum load was reached.
HTB girder torsion simulation
A 3-D nonlinear FE simulation was performed for the torsional experiment to validate the analytical formula derived using the space truss theory and converted plate thickness. A commercial nonlinear FE analysis software Midas FEA was used for the simulation. Nonlinear constitutive models were used in the simulation. (Midas 2008)
Concrete and steel reinforcing bar model
To properly represent the nonlinear constitutive behavior of steel, an appropriate plastic model is required. In this study, the von Mises plastic model was used. To implement the isotropic stress effect in the simulation, a proper compressive stress-strain relation must be used. We used the Thorenfeldt hardening curve with softening characteristic applicable to a compression region, as shown in Fig. 13 and Equation 6: (Thorenfeldt et al. 1987) 
where 1 0 0.80 , 0.67 17 62
where p α is strain at peak stress (negative value) and p f is peak stress (positive value). For the tensile model, a brittle model with a cap tensile strength was used as shown in Fig. 14. The fracture energy as a function of peak strain is shown in Equation 7:
where f G is fracture energy; peak nn ε is the peak strain; h is crack band width; t f is tensile strength.
Torsion simulation details
The specimen and test details of the simulation were as same as those for the torsion experiment. Eight-node and six-node cubic elements were used for the concrete and web truss, respectively, as shown in Fig. 15 . The steel rebar was modeled using a bar element as shown in Fig. 16 . The material properties obtained from the torsion test were used in the simulation. The elastic modulus of concrete calculated from a prediction equation was used. The material properties used in the simulation are provided in Table 9 . The design strength of the concrete was 40 MPa. SS400 steel with allowable and yield strength of 140 and 240 MPa, respectively, was used for the steel truss and plates. SD400 steel rebar with a diameter of 13 mm and yield strength of 240 MPa was used for the longitudinal and lateral rebar.
Load and boundary condition details
The load and boundary conditions used in the simulation are shown in Fig. 17 . A distributed load of equal magnitude along the length of the loading grip was applied to the four edges around the rotational axis to apply torsional load. A load was applied to the specimen with 100-kN increments until the specimen failed. The top and bottom surfaces of the right end were fixed to prevent displacement or rotation. In the experiment, torsional load was applied to the specimen by eccentrically applying a vertical load using a beam attached to the top surface of the specimen on the loading end. In addition, a steel pipe was embedded at the center of the specimen on the left end to measure torsional rotation. In contrast, in the simulation, the loads were directly applied to the 4 edges on the loading end of the specimen. The simulation results showed that the maximum load was 2,800 and 2,600 kN for EHT and FHT/GHT, respectively, whereas the experimental results for the maximum load were 466, 358, and 364 kN for EHT, FHT and GHT, respectively. Due to the difference in the load modeling in the experiment and simulation, it is necessary to compare load results with respect to the applied torsion according to the load application setup. If the vertical load from the experiment is converted to the 4 edge loads of the simulation, the maximum load becomes 467.18 and 433.17 kN for EHT and FHT/GHT, respectively. The maximum load of EHT from the simulation would be approximately 7.7% larger than that of FHT/GHT. In the simulation, all three specimens showed linear elastic torsion behavior until a load of 250 kN. However, the torsional rotation change beyond the load of 250 kN was much more rapid in FHT/GHT than in EHT, showing that EHT is better at resisting torsional load. The torsional behaviors of the experimental and simulation results are compared in Fig. 18 . The calculation results of the analytical formula based on space truss theory and converted plate thickness are given in Table 10 . The analytical formula calculation of torsional load and moment were 453.58 kN and 1,361 kN·m respectively for EHT, and 435.12 kN and 1,305 kN·m for FHT/GHT. As shown in Table 10 , the torsional moment and the maximum load results of "①/③" and "②/③", respectively, obtained from the analytical formula and the simulation showed approximately 98% similarity. Both the experimental and simulation results for EHT were similar to the formula results. However, the experimental results of FHT/GHT showed approximately 80% similarity to the formula and simulation results. This difference in the similarity is due to differences in the calculation of an effective cross-sectional area used to resist torsion in the formula and simulation compared to the experiment. These result comparisons showed that it may be possible to apply the analytical formula to an actual HTB girder analysis, but a sufficient safety factor of 20% or higher should be implemented if the formula is to be used for HTB girder design. 
von Mises stresses
The von Mises stresses of the trusses for the specimens are compared in Fig. 19 . The stress on EHT exceeded the allowable stress of the SS400 steel of 140 MPa at the moment of 800 kN·m, and reached the maximum stress of 252.8 MPa at the moment of 1,401 kN·m. The stress on FHT exceeded the allowable stress of the SS400 steel at 800 kN·m and reached the maximum stress at 264.3 MPa at the moment of 1,301 kN·m. The stress on GHT exceeded the allowable stress of the SS400 steel at 600 kN·m and reached the maximum stress of 298.9 MPa at the moment of 1,301 kN·m. The stresses of FHT and GHT were similar to the experimental results. However, in the EHT experiment, the stress was mainly resisted by the deck because of the existence of the haunch. Since the boundary conditions of the simulation assumed that the haunch and truss are perfectly fixed, the stress increased because of efficient stress transfer from the truss to the haunch. When the stresses in all three experimental models exceeded the allowable stress of the SS400 steel, the torsional stress of EHT was larger than that of FHT and GHT at the maximum load. The load was mainly resisted by the concrete deck in EHT, whereas the continuous longitudinal flange plate in FHT distributed the stress in the deck to the web trusses. In contrast, in GHT the load delivered to the deck was directly transferred to the truss through a discontinuous gusset plate. The stress profiles obtained from the FE simulation results of the three specimens are shown in Fig. 20 .
Crack patterns
The crack patterns obtained from the simulation are shown in Fig. 21 to 23. All three specimens showed a typical torsional shear failure crack pattern. In EHT, the initial crack was generated at a load of 116 kN at a location between the bottom deck haunch and the embedded connection joint, and then propagated toward the top surface of the deck with an inclined angle of 45° to the top right corner at a load of approximately 200 kN. More cracks were generated as the torsional load increased. In FHT and GHT, a crack was generated and propagated in a similar manner as in EHT. The initial crack appeared around the joint region at a load of 83 kN and then propagated toward the top surface of the deck at approximately 150 kN; however, this was followed by drastic crack propagation at a load of 183 kN unlike the gradual crack propagation until the maximum load was reached in EHT. In all three test specimens the cracks were concentrated at the location between the connection system and the deck, showing an effective resistance to the torsional load. The crack pattern and crack propagation stability showed that EHT has advantages over FHT and GHT in terms of serviceability issues. In Table 13 A denotes a cross-sectional area enclosed by the shear flow of the torsional load and co p is a circumferential length of the shear flow. In the experiment, crack load was calculated from strains obtained from the Rosette gauge installed on the concrete surface. In EHT, experimental and calculated cracking loads were the same and equal to approximately 116 kN. However, in FHT and GHT, the experimental cracking load was approximately 67% of the calculated cracking load, indicating that FHT and GHT are more vulnerable to cracking and serviceability problems than EHT. In addition, the cracking load results showed that the HTB girder with open web sections must be carefully studied before its implementation in design. Comparison of the simulation and formula results showed that EHT with a haunch section resisted torsional loading better than FHT/GHT without a haunch section. Therefore, based on the comparison study we concluded that the hinge embedded connection system of EHT is a more optimal joint selection than FHT and GHT with respect to torsional rigidity and usability.
Conclusions
In summary, the HTB torsion strength formula derived from the space truss theory and corrugated steel plate web thickness conversion showed good agreement with the experimental and simulation results. Also, evaluation of experimental and simulation verification of the three different joint systems of EHT, FHT and GHT showed that the haunch section of EHT conferred superior torsion resisting capacity compared to FHT/GHT without a haunch section.
Comparison of the formula and simulation results showed 99% similarity for all three specimens as shown in Table 10 . Additionally, comparison of the formula and experimental results of EHT and FHT/GHT showed a similarity of 97% and 80%, respectively. Based on these study results, further detailed parametric studies of the torsion formula are required for design usage. 
